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ABSTRACT 
Highways ·are known to be a source of several toxic pollutants 
including the heavy metals lead, zinc and chromium. The need to 
manage highway runoff in a manner which reduces or eliminates the 
. 
loading of heavy metals to receiving waters is evident, but more 
research has been required to develop cost-effective ways of meeting 
this need. Recent studies have indicated that the soil is a significant 
11 Sink 11 for heavy metals, allowing speculation that management 
oractices which make use of the soil to retain metals from highway 
runoff should be employed. 
The ourpose of this study is to evaluate the ability of the 
soil to retain heavy metals and to document some of the soil properties 
and reactions which are responsible for this ability. This was 
accomplished through a combined effort of literature review and 
laboratory analysis of in situ soils from the right-of-way area of 
5 Central Florida highways. A total of 13 samples were analyzed, for 
pH, cation exchange capacity, organic matter content, grain size, 
and concentrations of lead, zinc and chromium. The samples were 
separated into 6 fractions according to density and each fraction was 
analyzed for lead, zinc, and chromium. This step allowed reasonable 
estimates of the relative importance of soil components (clay minerals, 
organic matter) and/or soil-heavy metal interactions (precipitation, 
complex formation, etc.). 
It was found that the soils tested can likely retain between 
10 and 500 times their existing lead content. Evidence for the for-
mation of a dense lead compound (or precipitate) in edge of pavement 
surface soils was found. Organic matter was identified as an 
important soil component for retention of lead, zinc, and chromium. 
However, metal retention was found to be dependent on many soil 
properties and chemical reactions. 
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CHAPTER I - INTRODUCTION 
There is a growing concern about the atmospheric and water 
pollution potential of highways with their associated automobile 
related pollutants. One of the first recognized pollutional effects 
of highways was the contamination of roadside soils with relatively 
high levels of the heavy metal lead. Studies as early as 1957 
documented elevated levels of lead in soils near highways which were 
felt to be potentially toxic to agricultural crops in the vicinity 
(Prince, 1957). Since that time, there has been a proliferation of 
studies showing evidence of high concentrations of lead not only in 
soils, but in the atmosphere and in receiving bodies of water near 
highways. 
More recent studies have identified other pollutants typically 
. 
found near highways, including heavy metals such as chromium and zinc. 
Comparisons have been made between highway runoff and sanitary sewage 
showing that the outstanding characteristics of the runoff water is 
its high concentrations of heavy metals (Sartor and Boyd, 1972) 
(Shaheen, 1975). On a mass flow rate basis, lead was found to be 
over 1000 times more prevalent in highway runoff than in sanitary 
sewage while zinc and chromium occurred at levels 20 to 300 times 
higher than those encountered in sanitary sewage (Shaheen, 1975). 
Although many other pollutants have been found in highway runoff, 
2 
heavy metals must be considered the most important because of their 
relatively high concentrations and toxicity. Lead is not required by 
any form of life and is known to be toxic to plants, animals and humans 
at elevated leve~s (U.S. Public Health Service, 1962), (Batelle 
Columbus Laboratories, 1971). While zinc and chromium are essential 
to most life forms in trace amounts, elevated levels of either have 
been shown to be toxic (Batelle Columbus Laboratories, 1971). 
In recognition of the potentially toxic or otherwise degrading 
properties of highway runoff waters, a number of management practices 
have been proposed to either prevent the discharge of these waters 
into receiving bodies or to treat them prior to release. Some of the 
management practices in current use are detention basins, retention 
basins, and swales (percolation areas). While these methods are 
probably effective in reducing pollution loads to streams and lakes, 
they are often expensive to construct and sometimes require large 
amounts of land. Little is known about the degree of heavy metal 
removal achieved by these practices or about the processes which cause 
this removal. Information in these areas would likely allow the 
development of alternative management practices or modification of 
existing practices to make them more cost-effective. 
The studies mentioned previously which have reported elevated 
levels of lead in soils indicate that the soil is an important 11 Sink 11 
for this element. Other research efforts examining the inputs and 
outputs of lead in highway drainage basins have also speculated that 
the soil is important for removal of lead from runoff waters (Sylvester 
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and DeWalle, 1972), (Rolfe and Jennett, 1976). It is likely that other 
heavy metals are similarily removed from runoff water by the soil. 
Wanielista and Gennaro (1977) determined relatively high concentration 
of lead, chromium and zinc in the soils adjacent to highways. In 
light of this ability of soils to retain or immobilize heavy metals 
such as lead, zinc and chromium, it is likely that management practices 
which promote maximum exposure of highway runoff to soils will result 
in reduced loadings of heavy metals to receiving waters. However, 
more data is needed to determine the extent of the soil 1s capacity to 
retain heavy metals and to identify the properties of the soil which 
are important to this capacity. 
Objectives 
The objectives of this study are to document the ability of the 
soil to retain lead, zinc and chromium from highway related sources 
and to evaluate the properties of the soil which are important to its 
capacity·to retain these metals. In documenting the soil•s ability to 
retain heavy metals, available information from previous studies will 
be used in conjunction with sample data obtained from the roadside 
areas of several Florida highways. Laboratory analysis of these 
samples will be used to evaluate the importance of soil properties 
including pH, organic matter content and cation exchange capacity. 
From the results of these studies specific recommendations for the 
management of heavy metals in roadside areas will be made. 
CHAPTER II - SOURCES, LOADINGS, AND TRANSPORT 
OF LEAD, ZINC AND CHROMIUM NEAR HIGHWAYS 
Before evaluating the effectiveness of the soil as a sink for 
highway related lead, zinc and chromium, a discussion of the sources, 
loadings (deposition rates) and transport of these metals near highways 
is appropriate. This discussion, and evidence showing the importance 
of the soil in retaining highway related heavy metals will be presented 
in this chapter. 
Sources of Lead, Zinc, and Chromium Near Highways 
There are essentially three sources of lead, zinc, and chromium 
near highways. These include: 1) natural sources, 2) 11 background 11 
sources due to ambient levels of metals in the atmosphere, and 3) high-
way related sources including automobiles, paints, preservatives, and 
to some ~xtent, herbicide spraying. 
Most soils contain heavy metals in trace amounts as a result 
of natural processes. Naturally occurring levels of lead, zinc and 
chromium in soils are a function of the parent materials from which 
the soil was derived and on the processes of weathering to which this 
material has been subjected. A review of the literature by Mitchell 
(1964) shows that the range in naturally occurring concentrations of 
lead, zinc and chromium in minearl soils are as shown in Table 11-1. 
The natural concentrations of these metals can be expected to vary 
widely with geographic location. Data relating to natural lead, zinc 
4 
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TABLE I I-1 . 
RANGE IN CONCENTRATION OF NATURALLY OCCURRING 
LEAD, ZINC, AND CHROMIUM 
ELEMENT 
Lead 
Zinc 
Chromium 
SOURCE: Mitchell (1964) 
CONCENTRATION 
2-300 ppm 
10-400 ppm 
5-1000 ppm 
and chromium concentrations in Florida soils has not been found, 
however an analysis of soils at a distance of greater than 30 meters 
from a Central Florida highway showed that they contained less than 
3 ppm lead, 4 ppm zinc and 1 ppm chromium as determined by dilute 
acid extraction (Wanielista and Gennaro, 1977). These concentrations 
are probably representative of 11 background 11 plus natural metal 
concentrations since most highway related metals are not distinguish-
able from background at distances greater than 30 meters (Motto et. al. 
1970). 
The atmosphere is known to contain certain amounts of lead, 
zinc and chromium because of industrial activity and oil or coal 
combustion. These amounts of metals are 11 background 11 to levels 
existing near highways. Lead concentrations in urban atmospheres are 
on the order of 1 ~g/M3 while chromium concentrations are on the order 
of .01 ~g/M3 in urban atmospheres (Faoro and McMullen, 1977). These 
values will likely be lower in rural areas. Some .. background .. metals 
6 
from the atmosphere can contaminate the soil. 
The predominant source of lead, zinc and chromium near highways 
is the automobile. The combusion of leaded gasoline is generally 
acknowledged to ~e the major source of lead, but some lead also results 
from the wear of tires in which lead oxide is used as a filler material 
(Shaheen, 1975). Zinc also results from tire wear and from the leakage 
of crankcase oil in which high concentrations of zinc are used as a 
stabilizer (Lagerwerf and Specht, 1970). Chromium results from · the wear 
of metal plating, bearings, bushings and other moving parts within 
the engine (Shaheen, 1975). 
Lead is added to gasoline in the fonm of tetra-alkyl lead 
compounds at a concentration of about 150 ppm (Laxen and Harrison 
1977). Much of this added lead is not exhausted, but is retained in 
the engine. Exhausted lead is probably in the range of 50-80 percent 
of lead added, depending on driving conditions (Rolfe and Jennet, 1976). 
The most common compounds of lead found in the exhaust are lead 
. 
bromochloride (Pb·Cl·Br), mixed oxide and halide (PbO·PbCl·Br-H20), 
and ammonium chloride and lead halide (NH4Cl·2PbCl·Br or ZNH4Cl·PbCl·Br). 
These compounds are very unstable; 75 percent of the bromides and 
30-40 percent of the chlorides break down into lead oxides and 
carbonates within 18 hours (Dubois, 1972). The effect of ageing on 
exhausted lead compounds has been shown by TerHaar and Bayard (1971), 
who have determined that the lead compounds in aged exhaust particles 
are carbonates (30%), oxides (20%), oxycarbonates (27%), oxysulfates 
(5%), and sulfates (3%). Olson and Skogerboe (1974) have suggested 
that atmospheric or soil reactions may convert most of the exhausted 
7 
forms into lead sulfate. 
Little research has been done to determine the compounds of 
zinc and chromium emitted by automobiles. It has been reported, 
however, that the compound of zinc used in motor oil is zinc 
dithiophosphate and that zinc oxide and zinc dimethyl or diethyl 
carbamate are used in the vulcanization of tires (Lagerwerf and 
Specht, 1970). 
Loading Rates 
A number of studies have determined loading rates for lead, 
zinc and chromium on highway surfaces (Sartor and Boyd, 1973) {Pitt 
and Amy, 1975), Shaheen, 1975). Deposition rates in the most 
readily useable units were determined by Shaheen (1975) in a study of 
Washington, D.C. area highways. He found a seasonally varying deposition 
rate for lead ranging from 4.4 mg/axle-Km in Winter to 11.0 mg/axle-Km 
in Summer, and a similarly varying rate for zinc of 0.9 mg/axle-Km 
and 2.9 mg/axle-Km in Winter and Summer respectively. The average 
deposition rate for chromium was found to be .50 mg/axle-Km. It is 
expected that lead deposition rates will decrease in the future because 
of the increasing use of lead-free gasoline (Faaro and Thomas, 1977). 
It is possible that some of the lead, zinc and chromium found 
near highways may come from the weathering of paints used for pavement 
markings. These paints contain lead chromate, zinc oxide and pure lead. 
Transport of Automobile Related Lead, Zinc, and Chromium 
Once emitted by automobiles, part of the lead, zinc and chromium 
8 
are transported by one of several means away from the highway. Among 
these means are advective and diffusive airborne transport and trans-
port by stormwater washoff. An additional transport mechanism may be 
the splashing of contaminated stormwater from the roadway surface by 
vehicles. 
Airborne advection and diffusion are important to the transport 
of lead aerosol away from the highway (Laxen and Harrison, 1977). 
The larger lead particles are likely deposited within the highway 
right-of-way while smaller particles may remain airborne for a month 
or more (TerHaar and Bayard, 1971). Green and Lane, as reported by 
Laxen and Harrison (1977), found that the lead deposition rate declines 
logrithmically with distance from the highway. Deposition of lead 
from highways has been shown to be indistinguishable from background 
deposition at distances greater than 30 M from the highway (Motto et. 
al., 1970). 
Zinc and chromium are probably not transported by airborne 
processes to as great an extent as lead. This is because they are 
primarily deposited on the highway surface in contrast to lead which 
is primarily emitted as an aerosol. However, studies by Sylvester 
and DeWalle (1972) indicated that some airborne transport of these 
two metals does occur. They analyzed the particulate matter collected 
in dust jars placed near a highway and found that lead, zinc and 
chromium accounted for 0.92 percent, 0.14 percent, and 0.04 percent 
respectively of the total solids retained in the jars. 
The deposition of airborne heavy metals near the highway may 
9 
occur on roadside grasses and other vegetation or directly onto the 
soil. Motto et. al., (1970) found concentrations of lead in roadside 
grasses averaging 112 ppm, much of which could be removed by washing in 
a mild detergent .solution. This indicates a loosely bound deposit of 
lead on the plant surface, probably due to impaction of airborne 
particulates. The fact that these deposits can be removed by washing 
shows that 'during storm events, some of the deposited lead can be 
removed from the plants and washed onto underlying soil. A portion of 
the lead, zinc and chromium particulates deposited on roadside plants 
and soils are soluble. The study by Sylvester and DeWalle (1972) showed 
that 4 percent of the lead, approximately 32 percent of the zinc and 
about 1.5 percent of the chromium collected in dust jars near highways 
are soluble in distilled water. 
Part of the lead and probably much of the zinc and chromium 
emitted by automobiles are deposited on the highway surface where they 
accumulate until washed off during a storm event. The extent of 
. 
transport by stonmwater runoff is likely different for the soluble 
and insoluble portions of th(se metals. Laxen and Harrison (1976) 
interpreted the fact that about 25 percent of the lead in highway 
runoff water has been found to be soluble while only 1% of the lead 
in street surface particulates has been found to be soluble as evidence 
of this. The term soluble as used here refers to the portion of the 
metal which can be dissolved in distilled water. 
Once washed off the highway surface, the metals may be carried 
with the runoff water to receiving bodies or they may infiltrate with 
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the runoff into the soil. The extent of infiltration of highway runoff 
will depend on existing soil moisture conditions, intensity and 
duration of rainfall, soil type, vegetative cover, and the topography 
of adjacent land~. Particulate forms of metals will probably be 
filtered from percolating runoff water by the soil while dissolved 
forms may move downward into the soil. These dissolved forms and to 
some extent the particulate forms will likely take part in soil reactions 
as will be discussed in the next chapter. 
The Soil a 11Sink 11 for Lead, Zinc and Chromium 
That the transport of lead, zinc, and chromium away from the 
highway ultimately results in large amounts of these metals being 
deposited in adjacent soils is evident from the high concentrations 
observed in roadside soils. Studies by Motto et. al. (1970), 
Lagerwerf and Specht (1970), Singer and Hanson (1969), and Olson and 
Skogerboe (1974), to name but a few, have shown elevated levels of 
lead and ·zinc in roadside soils. Concentrations of lead as high as 
7000 ppm have been reported (Olson and Skogerboe, 1974). The factors 
affecting these metal concentrations are generally found to be 
traffic volume, distance from the highway and depth into the soil. 
A study of the mass inputs and outputs of highway related lead 
in urban and rural basins was performed by Rolfe and Jennett (1976). 
They calculated that 75 percent of the total lead input by automobiles 
in the urban basin was leaving the basin via streamflow while only 2 
percent of the total lead input to the rural basin was output as 
streamflow. They concluded that the soil was responsible for accumulating 
1 1 
a large portion of the lead input to the rural basin and estimated, 
based on soil lead measurements, that an equivalent to 30 years of 
auto lead emissions (8,000,000 to 1,000,000 kg) were contained in the 
soil. 
CHAPTER III - SOIL REACTIONS INVOLVING 
LEAD, ZINC, AND CHROMIUM 
Following transport away from the highway by stromwater run-
off, atmospheric processes, or other means as discussed previously, 
and subsequent contact with the soil, lead, zinc, and chromium are 
subject to reactions which may result in their retention or immobilization 
by the soil. The reactions which can take place include: adsorption 
onto clay minerals and soil organic matter, formation of coordination 
chemical compounds including solid precipitates and organic or 
inorganic metal complexes, and oxidation-reduction reactions, {Huang, 
Elliot, and Ashmead, 1977), {Stumm and Morgan, 1972). The tendency of 
the metal to participate in these reactions depends on the stability of 
the chemical fonm it takes during transport. For example, some solid 
forms may· not undergo soil chemical reactions, but are removed from the 
percolating runoff water by the soil via filtration. The purpose of 
this chapter is to discuss some of the possible reactions which may take 
place between lead, zinc and chromium and the soil and to assess, 
qualitatively, the factors affecting the ability of the soil to retain 
heavy metals by these reactions. 
Adsorption By Clay Minerals and Soil Organic Matter 
Adsorption phenomenon in soils are almost entirely due to the 
clay and silt fractions ( < 20~) and organic matter; the colloidal material 
12 
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of the soil being the most important (Wilklander, 1964). Both clay and 
humus, which is the end product of organic material decay, exist in the 
colloidal state wherein the particles are characterized by extremely 
small size, large surface area per unit weight, and the presence of 
surface charges to which ions (including heavy metals) and water are 
attracted (Buckman and Brady, 1969). The chemical and physical properties 
of soil are controlled largely by clay and humus (Wilklander, 1964) 
(Buckman and Brady, 1969). 
There are two groups of clays; the silicate minerals and the 
hydrous metal oxides. Both exhibit the capacity to absorb or exchange 
cations at surface or interlayer sites. In silicate clays, including 
montmorillonite, kaolinite and illite, this capacity is the result of 
negative charges arising from isomorphous substitutions in the layer 
lattices (Spangler and Handy, 1973), and/or ionization of hydroxyl 
groups attached to silicon of broken tetrahedral planes (Wilklander, 
1964). In the hydrous metal oxides, predominately occuring as aluminium, 
manganese, or iron hydrous oxides, adsorption is due to the presence of 
a pH dependant surface charge. Parks (1972) found that this charge is 
positive in acid solutions causing the metal oxides to act as ion 
exchangers. In basic solutions, this charge was found to be negative, 
causing them to act as cation exchangers. Both silicate clays and 
hydrous metal oxides have been widely implicated as modes of transport 
and ultimate "sinks" for heavy metals in aquatic environments and soils 
(Jenne, 1968), (Wilklander, 1964), (Pita and Hyne, 1974). In some cases 
hydrous oxides are present as a surface coating on clays, thus increasing 
the effectiveness of adsorption (Jenne, 1976). 
14 
Colloidal organic matter in soils includes three classes of 
long chain, high molecular weight compounds. In order of increasing 
molecular weight, these compounds are fulvic acid, humic acid, and 
humin (Buckman and Brady, 1969). A specific chemical formula for 
these compounds has not yet been completely described, but it is known 
that they contain phenolic (R-OH) and carboylic (-COOH) functional 
groups. These functional groups are responsible for the negative 
charge on humic substances and their capacity to adsorb or exchange 
cations. (Narkis and Rebhun, 1977), (Schnitzer, 1972). 
Cation Exchange Capacity 
The combined ability of the various components of the soil to 
adsorb cations by exchange processes is commonly referred to as its 
cation exchange capacity (CEC). In some cases, the CEC of a soil may 
be defined as the sum of exchangeable metalic bases (i.e. H+, K+) 
plus ammonia occupying the exchange sites. This sum is usually 
expressed in units of milliequivalents per 100 grams of soil. In other 
cases, the CEC is defined as the amount of a mono-or divalent cation 
which can be replaced from a soil saturated with this ion by another 
mono-or divalent cation. Thus, the CEC of a soil may depend on the way 
in which it is measured. 
Table III-1 shows the CEC of several soils, clays, and organic 
compounds. In general, there is a rough correlation between soil 
texture and CEC, but it is usually not possible to predict the CEC of 
a soil based on its clay and organic matter content (Buckman, 1969). 
It can be seen from Table Ill-1 that the organic components (humic 
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TABLE III-1 
CATION EXCHANGE CAPACITIES OF SOILS AND SOIL COMPONENTS 
Cation Exchange 
Soil or Component Capacity (meg/lOOg) Reference 
Fulvic Acid 472 (Narkis-Rubin,l977) 
Humic Acid 870 (Narkis-Rubin,l977) 
Kaolinite (Pike Co., Ill) 15.1 (Griffin-Shimp, 1976) 
Montmorillonite 79.5 (Griffin-Shimp~ 1976) 
(Southern bentonite) 
Illite (Minerva Co., Min) 20.5 (Griffin-Shimp, 1976) 
Sand 2.0 - 3.5 (Buckman-Brady, 1969) 
Sand Loam 2.3- 17.1 (Buckman-Brady, 1969) 
Silty Loam 4.4- 26.3 (Buckman-Brady, 1969) 
16 
and fulvic acids) of a soil have by far the greatest CEC. Montmoril4 
lonite clay generally has the highest CEC of any mineral component 
while sand and sandy soils have the lowest CEC's. 
The CEC of a soil or soil component can be used as an 
indicator of its ability to adsorb heavy metals in certain situations. 
Griffin and Shimp (1976) found that the adsorption capacity of 
kaolinite and montmorillonite for lead as computed from experimentally 
developed Langmuir irothenms were within 2% of the measured CEC of 
these clays. Jennett and Linnemann (1977) obtained data from column 
experin~nts showing that the soils tested had the ability to adsorb 
amounts of lead and zinc ranging from 20.7 to 90.3 percent of their 
CEC, depending on the soil and solution characteristics. Adsorption 
was not positively identified as the mechanism responsible for metal 
removal in this study. The adsorption capacity for zinc of four 
soils, as calculated by Shuman (1975) from adsorption isotherms having 
two distinct linear regions, each of different slope, was equivalent 
. 
to 23 percent of the CEC for the lower region and 76 percent of the 
CEC for the upper region. Larson (1973) points out that although CEC 
is not the sole soil property that is important to reactions involving 
heavy metals, it can be used as an index of the ability of a soil to 
remove heavy metals from solution because it relates to other soil 
properties. Zimdahl and Skogeiboe (1977) found that the capacity of a 
particular soil to adsorb lead can be reasonably predicted based on a 
correlation equation involving cation exchange capacity and pH. 
This equation, determined from an analysis of the lead fixation capacity 
of 18 different soils, is: 
17 
N = 2.81 X 10-6 CEC + 1.07 X 10-s pH- 4.93 X 10-5 
where N is the moles of lead per gram of soil at saturation, CEC is 
the cation exchange capacity of the soil in milliequivalents per 
100 grams, and pH is the soil pH in units. A regression coefficient 
of 0.971 was obtained and the values of N calculated generally agreed 
within 10 to 20 percent of experimentally determined values. 
Factors Affecting Adsorption of Heavy Metals by Soils 
The ability of the soil to retain heavy metals by adsorption 
is dependant on a number of factors. These factors, which generally 
reflect the stoichometric nature of exchange reactions, include soil 
solution pH, degree of competition between ionic species for exchange 
sites, the nature of the colloidal soil components, and the nature of 
the heavy metal. 
Effect of pH 
Buckman and Brady (1969) have discussed the effect of pH on 
cation exchange in soils. In general, it is shown that the cation 
exchange capacity of a soil decreases with decreasing pH. This is due 
to the fact that most soils have both a permanent negative charge 
which is due to phenomenon such as isomorphic substitutions, and a 
pH dependant negative charge which is due to the dissociation of 
hydrogen ions from SiOH, AlOH, -COOH, and phenol -OH functional 
groups as pH increases. Also, complex aluminum and iron hydroxy ions 
which are tightly bound at low pH are removed as the pH is raised, 
forming Al(OH) 3 and Fe(OH) 3. Their removal releases previously 
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blocked negative charge sites. The extent of the pH dependant 
charge will vary for different types of soil, with as much as 70 
percent of the adsorptive capacity of a muck soil being due to a pH 
dependant charge, while as little as 10 percent of the adsorptive 
capacity of a mineral soil may be due to the pH dependant charge. 
A number of studies have shown that these generalizations 
regarding the effect of pH on cation adsorption by soils are true 
for adsorption of most heavy metals on most soil components. Griffin 
and Shrimp (1976) obtained data from equilibrium experiments showing 
that lead sorption by kaolinite clay decreased with decreasing pH. 
This was attributed to an increase in competition for adsorption sites 
by H+ and the effect of dissolution of Al ions from the clay lattice. 
They found a substantial increase in the removal of Pb from solution 
by clay at pH values above 6, which was assumed to be due to increased 
adsorption of Pb- hydroxyl complexes or formation of PbC03 precipitate. 
Steger.(l974) noted a decrease in the sorption of zinc and copper by 
bentonite clay at low pH which was explained by a decrease in the 
dissociation of the sorption sites. A substantial increase in percent 
zinc sorption by the clay at pH>6.5 was also found, but in this case, 
precipitation was not presumed to be the cause. Instead, the increase 
was explained by the presence of two types of adsorption sites of 
differing acidity, the more basic of which become dissociated at pH 
6.5. The reversible nature of the adsorption process was shown in 
this study for zinc and copper. 
Shuman (1975) found that the influence of pH on zinc 
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adsorption by soils depended on the colloidal matter content of the 
soil. A decrease in zinc adsorption with decreasing pH was noted in 
all cases, but this decrease was more pronounced with sandy soils 
than with soiTs . high in colloidal matter content. Huang, Elliot and 
Ashmead (1977) observed that at low pH adsorption of copper, lead, 
and zinc on soils becomes inappreciable. They attributed an abrupt 
increase in adsorption of Cu, Zn, Pb, and Cd at pH 7.0 to precipitation. 
Gadde and Laitinen (1974), in a study of heavy metal adsorption 
by hydrous metal oxides, found that while adsorption of lead, zinc, 
and cadmium was favored with increasing pH, almost 100 percent of lead 
in solution was adsorbed by hydrous manganese oxides at pH values as 
low as 4.5. Substantial adsorption of lead by this oxide occurred 
even at pH 2.0. It was shown in this study that the pH dependant 
sorption of zinc on hydrous manganese oxides is a reversible process. 
It is evident from the studies by Griffin and Shimp (1976), 
Steger (1974), Huang et. al., (1977), Gadde and Laitinen (1974), and 
. 
Shuman (1975) that pH is a major factor affecting the stability of 
adsorbed fonms of heavy metals. The stability of a metal form (i.e. 
adsorbed, precipitated, complexed, etc.) will be defined for the 
purposes of this study as its resistance to transformation to other 
forms by chemical, physical or other forces. In general, a metal will 
be found in it•s most stable form under a given set of conditions. 
With the exception of hydrous manganese oxides, adsorbed forms become 
less stable at low pH. However, in low pH environments, adsorbed 
forms are likely more stable than precipitated forms. Since all of 
the studies referred to above performed adsorption experiments in the 
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presence of solubility controls such as salts, carbonates, and 
hydroxides, the prevalence of adsorption at low pH supports this 
statement. Further evidence of the pH dependence of stable metal 
forms is given ~Y Hildebrand and Blum who, as reported by Dewalle 
(1977), found that lead is associated with humic acids in low pH 
environments and with iron oxides at pH >7. At solution pH values 
greater than 6.0, precipitation was observed in most studies even 
though it is known that the adsorptive capacities of the colloid is 
generally higher with increasing pH. This indicates that precipi-
tated forms of metals are likely more stable than adsorbed forms 
at high pH and for the adsorbates studied. 
The influence of pH on the adsorption of heavy metals by 
soils is important because of the wide range of pH values found 
between different soils and the variations in pH which can occur 
in a given soil under different environmental conditions. Major 
changes in the pH of a soil can occur because of factors which 
. 
result either in increased adsorbed hydrogen (and in turn aluminum) 
or in a higher content of adsorbed bases (i.e. Ca, Mg, K, Mn, Na). 
Factors which can cause pH changes have been summarized by Buckman 
and Brady (1969). Those which result in a decrease in pH are: 
1. The formation of weak organic and inorganic 
acids from organic matter decomposition (eg. H2co3). 
2. The formation of strong inorganic acids H2so4, 
and HN03 from organic decay or microbial action on 
fertilizer minerals. 
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3. The formation of strong organic acids from 
11 podzalization .. (the metabolic end product of fungi is 
organ i c a c i d ) . 
-4 . . The leaching of bases. 
Factors which result in an increase in pH are: 
1. The weathering process which releases exchangeable 
bases. 
2. The addition of base containing materials (such as 
1 i me or .. 1 i me- rock .. ) . 
3. The presence of salts in the percolating water. 
Minor changes in pH can occur because of drying and microbially 
produced acids. An additional factor influencing soil pH 
may be the presence of 11 acid rainfall 11 from atmospheric 
contamination. 
Effect of Soil Composition 
'Soil composition has been found to be an important factor 
governing its ability to adsorb heavy metals. The importance of clay 
mineral type is indicated by the findings of Griffin et. al. (1976). 
They ranked three clay minerals in order of their ability to attenuate 
the chemical constituants of landfill leachates as follows: 
montmorillonite > illite > kaolinite 
Griffin and Shimp (1976) showed that montmorillonite has roughly five 
times the capacity of kaolinite to adsorb lead. It was found by Gadde 
and Litinen (1974) that hydrous manganese oxide was more effective 
than the hydrous oxides of iron or aluminum in removing lead from 
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solution at pH 7. As reported by Laxen and Hanison (1976}, Guy and 
Chakrabarti showed the sorption capacity for lead by various materials 
decreasing in the order: 
Mn02 > humic acid > iron oxide > clay 
Huang, Elliot, and Ashmead (1977} determined that Y-Al 2o3 generally 
had less adsorption capacity for lead, zinc, and copper than Si02 and 
two Delaware soils. Shuman (1975) found that soils high in clay or 
organic matter had higher adsorptive capacities and higher bonding 
energies for zinc than sandy soils low in organic matter. 
A recent study by Zimdahl and Skogerboe (1977), yielded 
evidence of the importance of organic matter for the lead fixation 
ability of soils. They found a consistantly high correlation 
between soil organic carbon content and the capacity of the soil to 
retain lead. Based on this correlation and evidence from other studies, 
they concluded that the majority of lead immobilized by soil is 
associated with organic matter . 
. 
Effect of Metal Characteristics 
Some heavy metals may be more stable, once adsorbed, than 
others and thus are sorbed preferentially. Among the characteristics 
of a metal which determine the stability of its adsorbed form are the 
magnitude of its ionic charge and the size of its hydrated radius 
(Weber, 1972}. In general, stability is proportional to the ratio 
between these characteristics (Stumm and Morgan, 1972). That is 
St b.1.t _ Charge a 1 1 Y hydrated radius 
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Steger (1974) found that bentonite clay had a greater affinity 
for copper than for zinc, iron, or manganese. He explained this as 
being due to the formation of true chemical complexes. Using the 
Irving-Williams stability order he predicted the stability of adsorbed 
metals to increase as follows: 
Mn < Fe < Co < Ni < Cu < Zn 
Griffin et. al. (1976) found that lead, cadmium, mercury, and zinc 
from a landfill leachate were more strongly attenuated by clay than 
potassium, NH4, magnesium, silicon or iron. Gadde and Laitinen (1974) 
reported that adsorption on hydrous oxides of manganese and iron 
followed the order 
Pb Zn > Cd > Ti 
The order of stability on clays of trace elements in relation to other 
exchangeable ions is, according to Mitchell (1964) approximately: 
Cu Pb Ni > Zn > Ba > Sr > Ca > Mg > Na 
However, this order can be changed by the addition of organic complex-
. 
ing agents. 
Effect of Competing Ions 
The sorption of a given metal ion in the presence of other 
metal ions in solution is usually lower than that when present alone. 
Steger (1974) showed that the sorption of zinc and copper by bentonite 
clay in the presence of lead and two forms of iron was considerably 
lower than that which occurred when zinc or copper were the only 
metalic ions present. Gadde and Laitinen (1974) reported that the 
sorption of zinc on hydrous manganese oxide was approximately 70 
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percent lower when lead was present in the solution than when zinc 
alone was present. The concentration of lead was approximately 
4 x l0- 4mg/l while the concentration of zinc was over 390 x 10-4 mg/1. 
In gene~al, humic and fulvic acids are less selective toward 
heavy metals than other colloidal soil components. Thus adsorbed 
heavy metals are less stable when adsorbed on organic matter due to 
competing cations. Stumm and Morgan (1972) point out that the effect 
of competing cations such as Calcium and Magnesium significantly 
reduces the importance of organic material to the fate of trace 
elements. However, a growing body of data indicates that organic 
matter is, in fact, important to the retention of trace metals by soil. 
CHEMICAL REACTIONS IN THE SOIL SOLUTION 
In addition to adsorption phenomenon, the physiochemical form 
of lead, zinc, and chromium may be determined by chemical reactions 
which occur in the bulk soil solution. There are two basic types of 
reactions which can occur. They are: a) redox reactions in which 
the oxidation states of the participating atoms change and b) reactions 
in which the coordinative relationships are changed (Stumm and Morgan, 
1972). Reactions of the latter type include acid-base, precipitation, 
and complex formation reactions. 
There are a number of factors affecting the stability of 
compounds formed by these reactions and thus their likelyhood of 
formation. Among these are pH, pE, metal concentiation, metal 
characteristics, abundance of aniony (ligand) species, and the presence 
of organic complexing agents. A theoretical assessment of the tendency 
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of a metal to form a given chemical compound would require consideration 
of the effect these factors would have acting simultaneously. An 
example of this type of calculation is given by Stumm and Morgan (1972) 
for a 9 metal-9 .ligand system. A computer program was required because 
of the number of computations involved. However, a general idea of the 
probability for a given compound to occur can be given by reducing the 
number of variables considered and using purely thermodynamic calculations 
or experimental data. The discussion presented here pertains to con-
siderations of the latter type. 
Redox Reactions 
Reactions in which oxidation (loss of electrons) or reduction 
(gain of electrons) take place are called redox reactions. Only a few 
elements; C, N, o. S, Fe, Mn, are predominant participants in these 
reactions (Stumm and Morgan, 1972). The tendency of lead and zinc to 
become oxidized or reduced is limited under most naturally occuring pH 
and pE conditions. Thermodynamic calculations by Hem and Durum (1973) 
show that galena, PbS is the stable form of lead under reducing 
conditions, but is converted to lead hydroxide or lead carbonate when 
the sulfur is oxidized to sulfate. 
It is known that chromium readily participates in redox reactions. 
Although trivalent chromium may theoretically be oxidized to the 
hexavalent form under aerated soil conditions, studies by Bartlett and 
Kimble (1976) showed that this did not occur under any experimental 
conditions. Another study by the same authors (1976a) showed that 
hexavalent chromium was quickly reduced by soil organic matter and thus 
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inunobilized. 
Coordination Reactions 
Acid-base, precipitation, and complex formation reactions can 
be broadly classified as coordination reactions (Stumm and Morgan, 
1972). Reactions of this type occur widely in soils and are likely 
important to soil-heavy metal interactions. 
One of the most important coordination reactions involving 
metals in aqueous solutions is hydrolysis. Stumm and Morgan (1972) 
point out that the formation of mono and polynuclear hydroxy complexes 
is important to the fate of multivalent metal ions because of the 
universal presence of OH- in water and the high affinity of metal ions 
to OH-. These complexes have the ability to readily precipitate and 
tend to be strongly adsorbed at the solid-solution interface. Hem 
and Durum (1973) have predicted, using thermodynamic data, that lead 
hydroxide and lead hydroxy carbonate are among the most stable forms 
which can occur in an oxidizing system. Zinc and reduced chromium 
both show a tendency to form hydroxides at high pH. 
The study by Herm and Durum (1973) also shows that lead 
carbonate is a stable form under commonly occurring conditions. At 
pH values above 8.0, the solubility of this species is calculated to 
be less than 0.010 mg/1 but at pH values below 5.0 the calculated 
solubility is 10,000 mg/1. Zinc and reduced chromium will also form 
carbonates (Stumm and Morgan, 1972), (Hess, 1970). 
Santillan-Medrano and Jurinak (1975) and Nriagu (1974) have 
conducted studies which show that phosphate may be an important "sink .. 
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for lead. The former study showed that phosphate was the most stable 
form relative to hydroxide and carbonate in the pH range between 5.0 
and 8.0. However, a review by Laxen and Harrison (1976), claims that 
their data could .be explained equally well by adsorption. 
Another potential ligand for heavy metals in soils is sulfate. 
Hem and Durum (1973) show that this form is not stable compared to 
hydroxide and carbonate, and Stumm and Morgan (1972) show that the 
sulfate form of heavy metals is probably much less stable than the 
phosphate fonm. Therefore the sulfate fonm would not be expected to 
be stable in the presence of co3
2
-, OH- or Po4
3
-. However, a study by 
Olson and Skigerboe (1974), has demonstrated that sulfate is the major 
form of lead found in soils directly adjacent to highways. Its 
presence was confirmed by separating the soil into density fractions 
and analyzing each density range by X-ray diffraction. The lead was 
found predominantly in the density range greater than 3.32 g/cc with a 
significant portion separable by magnetic means. It was concluded in 
this study that part of the lead sulfate was fonmed in the automobile 
combustion chamber and part was formed by photochemical reactions during 
transport, thus minimizing the involvement of soil reactions. 
Coordination with Organic Ligands 
The most important coordination reactions involving organic 
ligands result in the formation of organic complexes and chelates. In 
a chelate, the ligand atoms are attached not only to the metal but to 
each other. The most obvious feature of a chelate is the formation of 
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a ring structure. Because of this structure, metal chelates are very 
stable (Strumm and Morgan, 1972). 
The ability of chelates such as EDTA to extract metals from 
-
soils has been t~ken as evidence of their importance to metals in 
natural systems (Schnitzer and Khan, 1972). However, Stumm and Morgan 
++ ++ . (1972) claim that the presence of CA and Mg at concentrat1ons many 
orders of magnitude higher than potential organic complex forming species 
can blur any trace metal complex forming tendency of organic functional 
groups. 
CHAPTER IV - METHODS AND MATERIALS 
As stated in Chapter I, the objectives of this study are to 
evaluate the ability of the soil to retain heavy metals and to identify 
some of the soil properties which are important for this ability. In 
the previous two chapters, the soil was identified as a major sink for 
heavy metals from highway related sources, and important soil properties 
were shown to include pH, cation exchange capacity, organic matter 
content, and colloidal particle content. Having made these qualitative 
findings, it is the goal of further analysis to attempt to determine 
the soil's capacity to retain heavy metals and the relative importance 
of the soil properties on a more quantitative basis and, in particular 
for conditions characteristic of Florida highways. 
One method of meeting these objectives would be to analyze soil-
heavy metal interactions under conditions that simulate those existing 
near highways. However, it is shown in Chapter III that the interaction 
between heavy metals and the soil is a complex phenomenon with a large 
number of variables which must be considered. Because of this, it is 
felt that any attempt to accurately simulate these phenomenon in the 
laboratory as they exist in roadside areas would be extremely difficult. 
Duplication of the chemical properties of highway runoff under various 
rainfall conditions or for various antecedant dry periods during which 
heavy metals and other chemicals can accumulate on the highway surface 
would probably not be possible with any acceptable level of confidence. 
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In addition, the fact that soils in some areas of the highway right-
of-way are exposed to heavy metals because of additional transport 
processes other than stormwater runoff would have to be taken into 
account. For ex~mple, soils in areas in or beyond the drainage ditches 
may be contaminated by highway related heavy metals primarily because 
of airborne transport processes rather than exposure to runoff water. 
This would likely affect the type of soil-heavy metal interactions 
taking place in these areas. Accordingly, the analysis concentrates 
on in situ soils taken from roadside areas of Florida highways rather 
than attempting any laboratory simulation of soil reaction. In this 
way, the findings will be based on actual conditions in the highway 
right-of-way. 
The first step in the methodology was to obtain surface and 
subsurface soil samples from various locations within the right-of-way 
of several Florida highways and to analyze these samples for pH, cation 
exchange capacity (CEC), organic matter content, and grain size, as 
these characteristics were determined to be of primary importance. 
Also, the content of lead, zinc, and chromium in the samples was found 
by both dilute and concentrated acid extractions. 
The second step in the methodology accounted for the b~lk of 
the research effort and was designed to enable a quantitative 
determination of the relative importance of soil components (i.e. 
organic matter, clay minerals, etc.) for heavy metal immobilization 
and to enable a speculative determination of the probable forms (i.e. 
adsorbed, precipitated, etc.) taken by the heavy metals following 
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reaction with the soil. The procedure used in this step, as discussed 
in detail later in the chapter basically involved a separation of each 
soil sample into fractions according to density and analyzing the 
fractions for le~d, zinc, and chromium. In this manner, some of the 
soil components, in particular organic matter of low density and some 
heavy metal precipitates of high density, could be isolated to a 
certain extent from the bulk inorganic soil components including sand, 
silt, and clay. Analysis of the isolated components for metals would 
indicate their importance to heavy metal immobilization by the soil. 
A more deatiled description of the methodology is presented in 
the following sections. 
Samples 
Field soil samples were obtained from seven locations near major 
central Florida highways. These samples were described in Table IV-1 
and the location of the sampling sites is shown on the map in Figure 
IV-1. D1fferent geographical areas and different locations within the 
highway right-of-way were chosen as sampling sites to insure that soils 
of varying characteristics would be obtained and to enable a comparison 
between edge of road and ditch environments. Four of the seven sites 
were adjacent to the pavement (within 30-40 em) while three sites were 
in the drainage ditches. The samples taken on I-95 and the Turnpike 
were at sites used by Wanielista and Gennaro (1977) for related studies 
concerning heavy metals in roadside soils. All sites were in rural 
areas with no apparent sources of metals other than the highway, natural 
and "background" sources. The ditch sites are covered by 5 or more 
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centimeters of water during the wet seasons. Figure IV-2 shows the 
area from which sample 5104 (I-95 near drainage outfall) was taken 
and indicates the thickness of vegetative cover. This same thick 
growth exists at the site where samples 5106 and 5107 were taken. 
Figure IV-3 shows the site where sample SlOO (SR-50, edge of road) 
was taken and illustrates its proximity to the pavement. 
At each sampling location except those on the Florida Turnpike, 
both a surface sample (Top 2-3 em) and a subsurface sample (15-20 em) 
were taken. At the Turnpike locations, only surface samples were 
taken. These depths were chosen because of the existance of an 
organic layer which was 2-3 em thick at most locations. Beneath this 
layer was usually a thick layer of sandy soil with apparently limited 
organic matter content. Surface samples were taken by cutting a 30 em 
by 75 em rectangle of soil with a shovel to a depth of 3 em and 
retaining all material including grass. For subsurface samples, the 
soil ben~ath the top cut was excavated to a depth of 15 em. Then a 3 
em thick layer was removed with either a shovel or a post hole digger 
and retained. The samples were allowed to air dry for approximately 
one week and then were sieved to No. 20 mesh size to remove any large 
debris. Grass and other undecayed plant material were removed prior 
to this step. The weight of the samples was 1-2 kg after sieving. 
pH Measurement 
The pH of each sample was measured according to a procedure used 
by Hanna (1964). Fifty grams of sample were placed in a 100 ml beaker 
and 50 ml of distilled water were added. After stirring occasionally 
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Fig. IV-2 5104 Thickness of Vegetative Cover 
Fig. IV-3 SlOO Proximity to Pavement 
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for 1 hour, the pH of the solution was measured using a Corning Model 
10 pH meter. 
_ Extractable Lead, Zinc, and Chromium 
Each sample was analyzed for 11extractable 11 (easily removable) 
lead, zinc, and chromium using the procedure of Perkin-Elmer. The 
extraction solution was a 0.075N acid mixture (0.05N HCI + 0.025N 
H2so4), 20 ml of which was added to 5 g of sample and shaken for 15 
minutes. The solution was then filtered through a Whatman No. 44 
filter paper into a 50 ml volumetric flask, diluted to volume with 
extraction solution, and analyzed by atomic absorption spectrophotometry. 
Cation Exchange Capacity 
The cation exchange capacity of each sample was determined by 
the modified barium chloride-triethanolamime method of Chapman and 
Pratt (1961). In accordance with this method, 2.5 g of sample were 
sequentially saturated with 25 ml of 0. lN HCl (twice), distilled water, 
. 
a buffer solution of barium chloride (0.5N) and triethanolamime (0.2N), 
a 0.5N barium chloride replacement solution (three times), distilled 
water, (twice), methanol (twice), and neutral normal ammonium acetate 
(four times). Each saturation involved shaking the soil and solution 
for 10 minutes on a mechanical shaker and then centrifuging for 5 
minutes. The liquid was discarded following centrifugation in each 
step except following the saturation with NH40AC. The four NH40AC 
solutions (containing replaced barium) were combined in a 100 ml 
volumetric flask following centrifugation and diluted to volume with 
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distilled water. Barium was then determined using a Beckman DU flame 
photometer and the results were determined in ppm barium in the soil. 
The CEC of each sample was calculated as follows: 
CEC (meq/ 1 OOg) B ++ . .1 = ppm a 1n so1 686.8 
Grain Size Analysis 
The grain size distribution of each sample was determined 
according to the combined analysis procedure of Lambe (1951). The 
samples were washed through a No. 200 sieve with distilled water and 
both fractions (larger and finer than No. 200) were dried at l05°C. 
Following dessication, the fraction larger than No. 200 was analyzed 
for grain size by standard sieve analysis procedures. Since none of 
the samples contained sufficient fine material (finer than No. 200) 
for hydrometer analysis, the portion washed through the No. 200 sieve 
was simply dried and weighed. This weight was added to the weight of 
the coarse fraction passing the No. 200 sieve. 
Organic Matter Determination 
The organic matter content of each sample was determined by a 
peroxide digestion. The samples were oven dried (l03°C) for one hour 
and approximately two grams of each were weighed to l0- 3g (after 
dessication) into a tare weighed crucible. Approximately ten milliliters 
of 30% peroxide solution were added and the mixture was heated at 90°C 
to dryness. The samples were reweighed and the net weight of soil was 
obtained. Then, another ten milliliters of the peroxide solution were 
added and heated to dryness as above. The samples were again weighed 
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and the net weight of soil obtained was compared with that of the 
previous digestion. If the weights did not differ by more than 0.1 
percent, digestion was taken as complete and the weight of organic 
matter was obtained by subtraction from the initial oven dry weight. 
If a significant difference in weight was obtained between the two 
digestions, the procedure was repeated until a stable weight was 
obtained. 
Density Gradient Analysis 
As stated earlier, the purpose of this portion of the analysis 
is to determine, on a quantitative basis, the relative importance of 
the soil components for the soil •s capacity to retain lead, zinc, and 
chromium, and to enable a speculative determination of the probable 
metal forms which result from soil-heavy metal interactions in road-
side areas. The density gradient analysis method was selected for this 
purpose following a review of studies with similar objectives. Several 
different techniques were illustrated in these studies and used with 
varying degrees of success. In general, these techniques fall into 
three cat~gories: 
a) Interelement Correlations 
b) Chemical Extractions 
c) Physical Separation 
The first two categories were outlined by DeWalle (1977) in a 
review of the literature. He found numerous examples of techniques 
employing correlations between heavy metal concentrations and the 
concentrations of other elements or components such as organic carbon, 
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clay minerals, iron and manganeese in sediments and soils. These 
correlations were used to assess the physiochemical form taken by the 
heavy metals. He also documented the use of different chemical 
extractants to characterize the form of heavy metals in soils and 
sediments. Examples of extractants used are EDTA or hydrogen peroxide 
to estimate the quantities of metals associated with organic material, 
and acetic acid or ammonium acetate to determine the quantities of 
metals retained by exchange processes ( 11exchangeable 11 phase). However, 
some of the studies reviewed found that chemical extractants may remove 
some metals from all forms with little absolute selectivity. 
The use of physical separation by density gradient to assess 
the forms of heavy metals in soils and sediments has been illustrated 
in two recent studies. Pita and Hyne (1975) used this technique in an 
analysis of lead and zinc in reservoir sediments. They found most of 
the lead and zinc in the density range between 2.0 and 2.9 g/cm3 and 
generalized that the metals were probably in the form of organo-metallic 
complexes adhering to clay minerals or adsorbed directly into clay 
minerals in ionic form. This generalization was based on the fact 
that clay minerals would likely have densities in the range between 
3 2.0 and 2.9 g/cm . Olson and Skogerboe (1975) used a density gradient 
separation technique as a means of preconcentration of lead compounds 
from automotive sources in soils adjacent to highways prior to analysis 
by x-ray diffraction. This analysis was aimed mainly at the 
identification of lead compounds in the most dense fractions of the 
soil ( 3.32 g/cm3) which were found to contain the majority of the lead. 
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Lead sulfate was determined to be the principal constituant in the 
soils analyzed. However, it was also found that significant quantities 
of the lead w:rein density ranges less than 3.32 g/cm3. This lead 
could not be ide~tified by x-ray diffraction, inferring that it may 
exist in ionic form, adsorbed or held at exchange sites. 
Following a detailed consideration of the advantages and 
disadvantages of the three approaches outlined above, the density 
separation technique was chosen for use. While sophisticated analytical 
methodologies such as x-ray diffraction were not available for com-
pound identification it was felt that separation of the soil into 
various density fractions and subsequently analyzing each fraction 
for lead, zinc and chromium by acid extraction and atomic absorption 
spectrophotometry would isolate, to a reasonable extent, some of the 
soil components taking part in heavy metal interactions. This is based 
on the assumption that each soil component (i.e., sand, silt, clay, 
organic material, metal oxides, or descrete heavy metal precipitates) 
. 
will have a unique density. In most cases the differences between the 
component densities aretoo small to enable complete isolation with 
available methods, but by separating the soil into density ranges, a 
certain degree of isolation is obtained which allows qualitative 
generalizations about the soil component or components present in a 
given range. 
Six density ranges were selected to be analyzed and are shown 
in Table IV-2. Also shown in the Table are the probable soil com-
ponents and metal forms present in each range. The most dense soil 
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TABLE IV - 2 
DENSITY RANGES ANALYZED AND PROBABLE SOIL 
COMPONENTS OR METAL FORMS IN EACH RANGE 
Density Range. 
(g/cm3) 
< 1. 5 
1.5- 2.0 
2.0 - 2.5 
2.5 2.9 
2.9 - 3.3 
> 3.3 
Probab 1 e Soi 1 Components and Meta 1 Forms 
Organic matter and organically bound metals 
Organic matter and possibly clay with adsorbed 
organic matter. Metals organically bound or 
adsorbed on clay minerals directly. Cr may be 
present as a precipitate (see Table IV-3) 
Some organic matter, light minerals and light 
clays. Metals organically bound or adsorbed 
on clay minerals. Cr may be present as a 
precipitate. 
Will comprise the bulk of the inorganic soil 
components including sand, clay, silt and 
other minerals. Very few organics are likely 
present. Metals will likely be adsorbed by 
clay minerals or in precipitated form (Cr and Zn). 
Dense minerals and possibly clays with adsorbed 
heavy metals. Probably no organics. Metals 
in adsorbed or precipitated form (Cr and Zn, 
precipitates have densities in this range, 
but not Pb. See Table IV-3} 
Dense minerals, possibly some clay with adsorbed 
heavy metals. Metals probably in precipitated 
form (Pb, Zn, Cr} 
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fraction (>3.3 g/cm3) is likely composed of dense minerals and other 
dense compounds including some heavy metal precipitates. Table IV-3 
lists the densities of some common compounds of lead, zinc, and chromium. 
All of the leaa compounds shown have densities greater than 3.3 g/cm3 
as do all of the zinc compounds except the hydroxide (OH-) and chloride 
(Cl-) forms. Only three of the listed chromium compounds have densities 
greater than 3.3 g/cm3. Possible heavy metal forms in the density 
range greater than 3.3 g/cm3, other than discrete precipitates, are 
ionic fonms adsorbed either by metal oxides or possibly clay minerals 
(since adsorbed heavy metals would increase the density of clay minerals) 
The previously mentioned study by Olson and Skogerboe (1975) 
provides evidence that the lead in the soil fraction greater than 
3.3 g/cm3 may be in the form of a discrete compound or precip1,tate. 
They separated edge of pavement (within 2 m) surface soil samples into 
density ranges by a procedure similar to that used in this study. 
Using x-ray diffraction techniques, they found that the bulk of the 
lead was in the most dense soil fraction and that lead sulfate (PbS04) 
was the predominant form present. If analysis of the samples used in 
this study indicate a similar tendancy of lead to be found in the most 
dense soil fraction, it can be taken as circumstantial evidence that 
this lead is in the form of a discrete compound, possibly lead sulfate. 
The less dense soil fractions (<2.0 g/cm3) are probably composed 
predominantly of organic material. A linear correlation between the 
weight percent organic matter in each sample as determined by the 
peroxide digestion and the weight percent of soil in the density range 
Anion 
Hydroxide 
Carbonate 
Sulfate 
Orthophosphate 
Chloride 
Oxide 
Sulphide 
Flouride 
TABLE IV - 3 
DENSITIES OF SELECTED FORMS 0§ lEAD, 
ZINC, AND CHROMIUM (g/cm ) 
Pb Zn 
- 3.05 
6.6 4.40 
Cr 
-
1. 77 
6.2 3.54 1. 8 -
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3.01 
6.9- 7.3 4.00 2. 42 - 2. 12 
5.85 2. 91 2.76 
9.53 5.61 5. 21 
7.5 3.98(6) 4.85 4.10(a) 
8. 24 4.95 3.8 
SOURCE: CRC Press Inc. Handbook of Chemistry & Physics, 50th 
ed. Cleveland: CRC Press, 1977. 
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less than 2.0 g/cm3 should result in a correlation coefficient of 
near unity if this were true. This correlation is performed in 
Chapter V. Metals in the density range less than 2.0 g/cm3 are 
probably adsorbe~ or complexed by organic material. 
The bulk portion of soils such as those analyzed will have a 
density in the range between 2.5 and 2.9 g/cm3. This is the range 
in which most mineral components including sand and clay will be 
found; the density of quartz sand being approximately 2.65 g/cm3. 
Other mineral components, for example clay with adsorbed organic 
material, may have densities as low as 1.9 to 1.8 g/cm3 (Lambe, 1951). 
Some minerals may have densities greater than 3.3 g/cm3, however these 
would not likely be active in heavy metal interactions. Metals in the 
density range between 2.5 and 2.9 g/cm3 would likely be adsorbed by 
clay minerals or, in the case of zinc and chromium, be present as a 
precipitate (no common compounds of lead have densities in this range). 
While the density gradient analysis does not allow absolutely 
. 
certain identification of the soil components responsible for retention 
of heavy metals by the soil, it will yield results that are probably 
more quantitative than any other technique available. The procedure 
used for this analysis follows. 
A 10 g portion of each sample was separated into six fractions 
according to density. The density range of each fraction is as shown 
in Table IV-3. The separation was accomplished by sequentially 
suspending the soil in five solutions having densities equal to the 
extremes of each range. These solutions were either bromoform 
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TABLE IV-4 
DENSITY CALCULATIONS FOR SEPARATION SOLUTIONS 
Density Density 
Sol uti on Bromoform (ml) Acetone (ml) (Calculated) (Weight) 
1 35 65 1.52 1. 51 
2 60 40 2.04 2.02 
3 80 20 2.46 2.54 
4 100 0 2.88 2.88 
(density= 2.88 g/cm3), diidomethane (density= 3.3 g/cm3), or bromo-
fonm diluted with acetone (density= 0.79 g/cm3) to a given density. 
The bromoform dilutions were prepared by pipetteing the amounts 
of bromoform shown in Table IV-4 into tare weighed volumetric flasks 
and diluted to volume with acetone. The density of the solutions 
were calculated as follows: 
. mlBrCH (2.88) + (MlAcetone) (0.79) 
Solution Density= --~3--~~-------100 
for 100 ml of total mixture, where: 
mlBrCH 3 = volume of Bromoform (ml) 
mlAcetone =volume of Acetone (ml) 
The density of each solution was checked after mixing by reweighing 
the flasks and calculating the density based on weight. 
The 10 grams of soil were placed in a 250 ml separatory funnel 
and approximately 50 ml of solution (1) (Density= 1.5 g/cm3) were 
added. The funnel was stoppered and the mixture was shaken for one 
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minute. The sides of the funnel were then washed down with the remainder 
of solution (1) and the suspension was allowed to separate for 5 minutes. 
The floating soil and the liquid were decanted and filtered through a 
tare weighed Whatman number 44 filter paper. The filtrate was recovered 
in a tare weighed graduated cylinder so that its density could be 
readily checked before reuse and adjusted if necessary. The filter 
paper and the soil it contained were placed aside for air-drying. This 
soil is the fraction of the sample having a density of less than or 
equal to 1.5 g/cm3. 
Approximately 50 ml of solution (2) (Density = 2.0 g/cm3) were 
then added to the soil which had settled to the bottom of the funnel 
and the mixture was again shaken for one minute. The suspension was 
allowed to separate and was decanted and filtered as above. The soil 
thus obtained is the fraction having a density greater than 1.5 g/cm3 
and less than or equal to 2.0 g/cm3. The entire process was repeated 
for solution (3) (Density= 2.5 g/cm3). 
I 
The soil remaining in the funnel after mixing with solution (3) 
was mixed with approximately 50 ml of solution (4) (Density - 2.9 g/cm3). 
The resulting separation results in almost all of the soil floating. 
The small portion of soil settling to the bottom of the funnel was 
drained off through the stopcock into an evaporating dish and allowed 
to dry. The floating soil and the liquid were filtered as above. 
Once the soil in the evaporating dish had dried at approximately 
23°C (usually overnight) it was scraped with a metal spatula into the 
separatory funnel, approximately 5 ml of diiodomethane (Density = 3.39 
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g/cm3) was added and the mixture was agitated for one minute. Following 
a 5 minute separation period, the settled portion of the soil was drained 
through the stopcock into a tare weighed filter paper. The floating 
portion was then drained through a separate filter paper. 
The six filters and the soil they contained were reweighed after 
drying overnight at approximately 23°C and the net weight of soil in 
each density fraction was obtained to the nearest 10-3 gram. The soil 
was subsequently removed from each filter, weighed to 10- 3 gram and 
placed in a 20 ml test tube for metal analysis. The portion of soil 
in the density range between 2.5 and 2.9 g/cm3 was too large to be 
extracted in total. Therefore only 1.000 g of this portion was retained 
for metal analysis. 
Each solution used in the separation process was analyzed for 
lead, zinc, and chromium to ensure that they were not dissolving these 
metals from the soil. 
Extraction of Metals 
A modification of the Standard Methods (American Public Health 
Association and American Water Works Association, 1976) procedure for 
total metals extraction of suspended metal was used. The samples were 
digested in 5 ml of concentrated HN03 at 90°C for 3 to 4 hours, depending 
on the amount of organic material present. Digestion was taken as 
complete when all soil at the bottom of the tube appeared light gray 
in color. A thermoline 11 dri-bath 11 aluminum block assembly was used 
for heating. 
After cooling for 20 minutes, the nitric acid solutions were 
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filtered through acid-washed Whatman 44 filter papers into 50 ml 
volumetric flasks. The filters were rinsed with 10 ml of lN HCL and 
the mixture in the flasks was diluted to volume with distilled water. 
The extractions ~ere anlayzed for lead, zinc, and chromium by atomic 
adsorption spectrophotometry. 
CHAPTER V - RESULTS AND DISCUSSION 
Soil Characteristics 
Soil characteristic, including organic matter content, grain 
size, cation exchange capacity and pH were shown earlier to be related 
to the ability of soil to retain metals. In addition, they give an 
indication of the classification of soils being analyzed (i.e., sandy, 
muck, alkaline, etc.), the nature of soils found adjacent to highways, 
and the differences which exist between soils adjacent to the pavement 
and those found in ditch areas. The characteristics are summarized 
in Tables V-1 to V-4 for each soil sample. The samples are grouped 
in these tables according to location within the highway right-of-way 
and depth into the soil. 
Organic Matter Content 
The organic matter content of the soils tested ranged from 
approximately 0.6 percent to 20 percent by weight. Most samples had 
between one and six percent organic matter which is typical of mineral 
soils. Sample Sl06 taken from a ditch area contained over 20 percent 
organic matter, an amount typi ca 1 of some 11muck" soi 1 s. Surface 
samples at three of the edge of pavement sampling sites had higher 
organic matter contents than subsurface samples reflecting the presence 
of an organic layer adjacent to the roadway. The samples taken from 
the ditch areas generally had higher organic matter contents than edge 
of pavement samples which is likely due to the more well developed 
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Sample 
S100 
S102 
Sl08 
Sll 0 
S112 
TABLE V - 1 
SOIL CHARACTERISTICS: 
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EDGE OF PAVEMENT, SURFACE SAMPLES {2-3 em depth) 
Grain Size b Cation Exc.c 
(Percent Finer Capac it¥+ 
Locationa Than 0.074 nm) ( meq Ba I 1 OO_g_) 
S. R. 50 3.8 3.4 
1-95 3.0 5. 31 
u.s. 1 4.0 4. 35 
SR 405 1 . 1 0.82 
Turnpike 4.4 ... 
a For a detailed description, see Table IV-1 
b Percent Passing No. 200 seive 
pH d 
-{Units) 
8.2 
7.7 
7.6 
8.1 
8.0 
Percent 
Organice 
Matter 
1. 37 
... 
2.69 
1. 26 
1 .62 
c By barium chloride - triethanolamine method of Chapman and 
Pratt (1961) 
d by 1:1 dilution 
e By peroxide digestion 
Sample 
Sl 01 
Sl03 
Sl09 
Slll 
TABLE V - 2 
SOIL CHARACTERISTICS: 
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EDGE OF PAVEMENT, SUBSURFACE SAMPLES (15-20 em depth) 
Grain Size Cation Exc. 
L . a ocat1on 
(Percent Fi neb 
Than .074 mm) 
Capacit¥+c {meg Ba I 1 OO_gj 
S.R.50 3.2 1. 91 
1-95 11.4 2.40 
u.s. 1 1. 8 1. 49 
SR 405 1. 2 ... 
a For a detailed description, see Table IV-1 
b Percent Passing No. 200 seive 
pH d 
Percent e 
Organic 
Units Matter 
7.9 0.96 
8.2 3.78 
8. 1 0.58 
8.4 0.87 
c By barium chloride - triethanolamine method of Chapman and 
Pratt (1961) 
d by 1:1 dilution 
e By peroxide digestion 
Sample 
5104 
Sl06 
Sll3 
TABLE V - 3 
SOIL CHARACTERISTICS: 
IN DITCH, SURFACE SAMPLES (2-3 em depth) 
b 
pHd Percent Fi 1 ter Capacit¥+ c 
Location a Than 0.74 mm ~(meq Ba I 1 DOg) Units 
1-95 1. 8 6.45 7.8 
(near 
outfall) 
1-95 3.3 26.8 4.8 
Turnpike 1 . 2 . . . 5.7 
a For a detailed description, see Table IV -1 
b Percent Passing No. 200 seive 
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Percent e 
Organic 
Matter 
3.01 
20.5 
6.37 
c By barium chloride - triethanolamine method of Chapman and 
Pratt ( 1961) 
d ·by 1:1 dilution 
e By peroxide digestion 
Sample 
Sl05 
Sl07 
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TABLE V - 4 
SOIL CHARACTERISTICS: 
IN DITCH, SUBSURFACE SAMPLES (15-20 em depth) 
. 
Cation Exc. 
pH d Percent e 
Locationa 
Percent Fi 1 te~ Capacit¥+ c Organic 
Than 0.074 mm (meq Ba /lOOg} -( uni tsJ Matter 
I-95 1 . 3 6.12 8.0 6.04 
(near 
outfall) 
I-95 1. 4 5.12 7.3 1 . 01 
a For a detailed description, see Table IV -1 
b Percent Passing No. 200 seive 
c By barium chloride - triethanolamine method of Chapman and 
Pratt (1961) 
d By 1:1 dilution 
. 
e By peroxide digestion 
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vegetation existing in these areas. 
Grain Size 
Most samples contain small amounts of fine(< 0.074 mm) material, 
generally less than 5 percent. The amount given represents the sum of 
both silt and clay size particles and additional fine material larger 
than silt size ( > 0.020 mm). The amount of colloidal material (<0.001 
mm) which is generally considered to be the soil fraction most 
actively involved in sorption or exchange processes, will likely be a 
much smaller portion of the soil than the percentages given. No 
relationship is apparent between location or depth and grain size. 
The USDA textural classification of all samples is 11 sand 11 • 
Cation Exchange Capacity 
The soil samples tested had cation exchange capacities ranging 
from less than one milliequivalent per 100 grams to approximately 27 
milliequ~valents per 100 grams. Surface edge of pavement soils had 
higher exchange capacities than subsurface soils at the same locations 
and surface soils from ditch sites had higher exchange capacities than 
edge of pavement soils. Comparison of the cation exchange capacities 
of these soils with the values listed in Table III - 1 shows that with 
the exception of 5106, they are representative of sand or sandy loam 
soils. 
pH 
A majority of the soil samples are in the moderately alkaline 
pH range. The highest pH values occur in those samples adjacent to 
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the pavement while two of the ditch samples have the lowest pH values. 
Low pH values in the ditch samples (Sl06 and Sll3} may be the result 
of organic and inorganic acids from organic matter decay. The ditch 
samples from near the outfall did not have similar low pH values. 
Metal Concentrations 
The concentrations of lead, zinc, and chromium as determined 
for each sample are listed in Tables V-5 through V-8. The extractable 
metals are those dissolved in dilute acid solution as described in 
Chapter IV. Total metals are those extracted by a concentrated acid 
solution. The total metal concentration for each sample was determined 
by adding the weight of metal extracted from each soil density fraction 
and dividing by the total weight of the soil sample. Table A-2 shows 
the calculations involved in this step. 
In general, the total metal concentrations were approximately 
an order of magnitude higher than extractable metal concentrations. 
Differences in metal concentrations between samples were not always 
consistent as determined by the two extraction procedures. For example, 
the extractable lead concentration in samples SlOO and Sl02 are nearly 
equal while the total lead concentration in sample Sl02 is nearly 
twice that of SlOl. The same comparison in some other samples shows 
an inverse relationship between total and extractable metals. Thus, 
a constant ratio is not maintained between metal concentrations as 
determined by the two procedures. This may indicate that the least 
stable forms of the metals (and hence the most easily extracted) varies 
according to site location, thus indicating that location within the 
Sample 
SlOO 
Sl02 
Sl08 
SllO 
S112 
TABLE V - 5 
METAL CONCENTRATIONS: 
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EDGE OF PAVEMENT, SURFACE SAMPLES (2-3 em depth) 
Extractable Metalsa Total Metals b 
(mgLKg} (mg/Kg) 
Location Lead Zinc Chromi urn Lead Zinc Chromium 
S.R. 50 46.8 7.70 0.105 370 20.6 9.54 
I - 95 43.2 14.7 0.101 822 70.1 16. 1 
u.s. 1 75.0 7.70 0.263 1320 146 13.8 
S.R. 405 11.4 11 .0 0.141 778 58.2 8.89 
Turnpike . . . . .. ... 51.3 43.9 6.69 
a Extractable by 0.075 N Acid Solution 
b By summation of metal extracted from density separations 
(see Tab 1 e A-2) 
Sample 
SlOl 
Sl03 
Sl09 
Slll 
TABLE V - 6 
METAL CONCENTRATIONS: 
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EDGE OF PAVEMENT, SUBSURFACE SAMPLES (15-20 em depth) 
Extractable Metals Total Metals b 
(mg[Kg) (mg/Kg) 
Location Lead Zinc Chromium Lead Zinc Chromium 
S. R. 50 3.14 1. 40 0.137 36.9 35.3 8.60 
I-95 0.20 13.70 0.050 124 68.4 25.2 
U.S.l 5.12 2.00 0.330 26.6 4. 71 9.84 
S.R.405 1.56 10.0 0.263 
a Extractable by 0.075 N Acid Solution 
b By summation of metal extracted from density separations 
(see Table A-2) 
Sample 
5104 
5106 
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TABLE V - 7 
METAL CONCENTRATIONS: 
I~DITCH, SURFACE SAMPLES {2-3 em depth) 
Extractable Metals a Total Metals b 
(mg[Kg) {mg[Kg) 
Location Lead Zinc Chromium Lead Zinc Chromium 
I-95 52.0 10.7 0.284 699 93.3 22.2 
(near 
outfall) 
1-95 9. 40 7.30 0.468 31.8 78.8 8.89 
a Extractable by 0.075 N Acid Solution 
b By summation of metal extracted from density separations 
{see Table A-2) 
Sample 
Sl05 
Sl07 
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TABLE V - 8 
METAL CONCENTRATIONS: 
IN DITCH, SUBSURFACE SAMPLES (15-20 em depth) 
Extractable Metals a Total Metals b · 
{mglKg} {mg/Kg) 
Location Lead Zinc Chromium Lead Zinc Chromium 
1-95 44.8 12.3 0.294 360 62.2 16.4 
(near 
outfall) 
1-95 0.99 1. 30 0.410 4.88 50.5 6.28 
a 
Extractable by 0.075 N Acid Solution 
b By summation of metal extracted from density separations 
(see Table A-2) 
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right-of-way may be important to the form taken by highway related 
lead, zinc and chromium in the soil. A comparison between surface and 
subsurface samples at the edge of pavement sites shows that large 
differences in both extractable and total lead concentrations, the 
subsurface concentration being lowest. This is consistent with other 
findings discussed in Chapter II. It suggests a relative immobility 
of lead with respect to downward movement into the soil. Two of the 
three edge of pavement locations at which both surface and subsurface 
s~nples were analyzed had higher concentrations of zinc in surface 
layers. However the difference in zinc concentration between layers 
was large only for one location (U.5.1). The sample from 5R 50 (5100) 
had a higher zinc concentration in the subsurface layer. Thus it is 
possible, based on limited data that zinc is relatively more mobile 
than lead with respect to downward movement into the soil. Concen-
trations of chromium differed little between surface and subsurface 
layers a~ edge of pavement sites, suggesting that this metal may be 
relatively mobile also. 
Samples from the two ditch sites for which both surface and 
subsurface layers were analyzed showed that the content of all three 
metals was highest in the surface layers. The magnitude of the con-
centration difference (percent reduction between layers) was largest 
for lead in sample 5104 and for chromium in 5106. 
The regression equation developed by Zimdahl and Skogerboe 
(1977), allows a comparison between the capacity for lead fixation and 
the total lead content of a given soil. The equation, as presented in 
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Chapter Ill, is: 
N = 2.81 x l0-6CEC (meg/lOOg) + 1.01 x l0- 5pH- 4.93 x 10-5 
where N is the moles of lead per gram of soil at saturation (maximum 
capacity). Entering the values for CEC and pH for each sample from 
Tables V-1 to V-4, N was calculated to range from 3.97 x 10-5 to 
7.74 x 10- 5 moles Pb per gram for the soils analyzed in this study. 
The corresponding concentrations (mg/Kg) range from 8,220 Mg/Kg to 
16,030 Mg/Kg. This means that if the soils analyzed in this work 
behaved similarily to those tested by Zimdahl and Skogerboe, they 
would have additional capacity to fix lead ranging from 10 to 500 
times their existing lead content. The soils tested in the above 
referenced study generally had lead retention capacities within 10 
to 20 percent of that predicted by the regression equation. 
Density Gradient Analysis 
The results of soil separation by density gradient and sub-
sequent analysis of each separated fraction for lead, zinc and chromium 
are presented in Tables V-9 to V-12. The samples are grouped in these 
tables according to location (edge of pavement or in ditch) and depth 
(surface or subsurface). 
Given in each table are the sample number and location, and the 
concentrations of lead zinc and chromium found in each soil fraction. 
Also shown is the percent of the total lead, zinc and chromium (per-
cent of bulk total determined for the whole sample) and the percent of 
the total soil sample weight found in each density range. The cal-
culations used to determine these values are presented in Tables A-1 
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and A-2. 
As discussed in Chapter IV, the soil separation was performed 
to isolate, to the best extent possible, some of the soil components 
and reactions involved in heavy metal retention. The density ranges 
were chosen to distinguish between some of the major soil components 
as shown in Table IV-2. A comparison between the percent of lead, 
zinc, or chromium found in each density range (Tables V-9 to V-12) and 
the probable soil components and metal forms in these ranges (Table 
IV-2) yields an indication of the relative importance of the soil's 
components to its ability to immobilize heavy metals. 
Table V-9 shows the density gradient analysis results for edge 
of pavement surface samples. The large concentrations shown in some 
density ranges illustrates that a relatively large proportion of a 
metal is contained in a small fraction of the soil. For example, the 
density fraction greater than 3.3 g/cm3 for sample SlOO (SR50) was 
found to have 68.2 percent of the total lead in the whole sample while 
accounting for only 0.4 percent of the total sample weight. Thus, a 
high lead concentration results for that density range. The other edge 
of pavement surface samples show similar high lead concentrations in 
the most dense soil fraction. An average of 53 percent of the lead in 
these samples is contained in the soil fraction of density greater than 
3.3 g/cm3. This fraction accounts for an average of 1.1 percent of the 
total soil. 
These results for lead in edge of pavement surface samples are 
nearly identical to the findings of Olson and Skogerboe (1975) who 
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separated edge of pavement soil samples into density ranges and 
analyzed them for lead. In further analysis performed as part of 
that study, lead sulfate was identified using x-ray diffraction 
analysis to be ~he dominant lead compound present in the most dense 
soil fraction. While compound identification was not performed in 
the present work, similar results showing lead to be predominantly 
in the most dense soil fraction were found, providing circumstantial 
evidence for the formation of a discrete lead compound (or precipitate) 
possibly lead sulfate, in the edge of pavement surface samples. 
In contrast, lead in edge of pavement subsurface samples 
(Table V-10) and ditch samples (Tables V-11 and V-12) was not found 
to be predominantly in the most dense soil fractions. No single 
density range consistently contains more than half of the lead in 
these samples. This indicates that the reactions which are respon-
sible for immobilization of lead in subsurface and ditch soils may be 
different than those responsible in surface edge of pavement soils. 
That is, while a precipitation reaction may be primarily responsible 
for the immobilization of lead in surface edge of pavement samples, 
other reactions including adsorption by clay minerals or organic 
matter, and complex formation with organic matter may become the 
dominant means of lead retention by subsurface and ditch area soils. 
This could be due to the different soil characteristics in these 
areas and/or the different transport processes by which the lead may 
reach subsurface and ditch soils as compared to edge of pavement 
surface soils. The fact that the largest percentage of total lead 
69 
is found in different density ranges for different sample locations 
suggests that the form taken by this metal following interaction with 
the soil depends on location within the right-of-way and soil charac-
teristics. 
Neither zinc or chromium show a consist~nt tendency to be con-
centrated in any single density range for any location, including 
edge of pavement surface locations. This suggests that the inter-
actions between these metals and the soil are also dependant on location 
and soil characteristics. 
It is significant to note the percentages of metals contained 
in the density range less than 2.0 g/cm3(<1.5 g/cm3 and 1.5 to 2.0 
g/cm3). As discussed in Chapter IV, the soil in this fraction is 
probably entirely organic matter. Further evidence of this is given 
in Table V-13 which compares the organic matter content of each sample 
as determined by peroxide digestion and the weight percent of soil in 
the density range less than 2.0 g/cm3. In general, these percentages 
• 
are very similar and the average values for all samples agree very 
closely. Some of the soil organic matter may be in the density range 
between 2.0 and 2.5 g/cm3 which could explain the alightly low average 
weight percent of soil in the fraction less than 2.0 g/cm3 as compared 
to the average organic matter content. A linear correlation between 
weight percent soil of density less than 2.0 g/cm3 and organic matter 
content results in a correlation coefficient of 0.95. Thus it can be 
concluded with a reasonable degree of certainty that metals in the 
density range less than 2.0 g/cm3 are retaioedin some manner (pro-
Sample 
SlOO 
Sl 01 
Sl03 
Sl 04 
5105 
5106 
5107 
SlOB 
5109 
SllO . 
Sll2 
Sll3 
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TABLE V-13 
COMPARISON BETWEEN ORGANIC MATTER CONTENT* AND 
WEI~HT PERCENT OF SOIL LESS DBNSE THAN 2.0g/cm3 
Weight 
Percent Percent 
Organic of Soil 3 Matter 2.0 g/cm 
1. 37 1 . 4 
0.96 0.6 
3.78 1. 8 
3.01 2.1 
6.04 2.5 
20.48 14.0 
1 . 01 0.7 
2.69 3.4 
0.58 1 . 2 
1.26 3.3 
1.62 3.4 
6.37 3.6 
Average 4.1 3.2 
* Organic matter content as determined by peroxide digestion 
71 
bably adsorption or complex formation) by organic matter. 
An analysis of tables V-9 to V-12 shows that this fraction 
contains 4 to 57 percent of the lead, 6 to 67 percent of the zinc, 
and 15 to 59 percent of the chromium. It is apparent from these 
figures that the organic fraction can be of considerable importance 
to the soils ability to retain heavy metals. This is consistent 
with the findings of Zimdahl and Skogerboe (1977) and Shuman (1975) 
but contrary to speculations by Stumm and Morgan (1970) who felt 
that competing cations including ca++and Mg++would negate the ability 
of organic matter to retain trace metals. 
In Table V-14 is illustrated the density gradient analysis 
results averaged for all samples. While there is considerable var-
iability between samples, average values are useful to indicate 
overall trends. The averages show that generally the greatest per-
centage of the metals are in the density range between 2.5 and 2.9 
g/cm3 which contains the bulk of the soil (approximately 84 percent). 
As shown in Table IV-2, the metals in this density range are probably 
adsorbed by clay minerals or, in the case of zinc and chromium, 
present as discrete compounds or precipitates. 
The fraction of density less than 2.0 g/cm3, which consists 
predominantly of organic matter, contains an average of approximately 
30 percent of the lead, 29 percent of the zinc and 32 percent of the 
chromium. The fraction of density greater than 3.3 g/cm3 contains a 
significant portion of the lead, but less significant portions of 
zinc and chromium. As shown in Table IV-2, these metals are likely 
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73 
in the form of discrete compounds or possibly associated with some 
dense minerals. 
By determining averages for all samples in this manner, it 
becomes apparent that no single soil component or soil-heavy metal 
interaction can be isolated as most important for the general overall 
ability of roadside soils to retain heavy metals. The site specific 
nature of the types of reactions and important soil components 
involved result in averages which indicate that all reactions and all 
components are likely important. 
As mentioned in Chapter IV, the separation solutions (bromoferm, 
acetone or diidomethane) were analyzed to ensure that they were not 
removing lead, zinc and chromium. This analysis showed that they did 
not contain significant quantities of the metals. 
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CAHPTER VI - FINDINGS, CONCLUSIONS, AND RECOMMENDATIONS 
Findings 
This work involved both a review of available literature con-
cerning soil-heavy metal interactions and an analysis of in situ 
soils from roadside areas to further document these interactions. 
Since some of the findings from the literature search are important 
to the development of overall conclusions, they are summarized here: 
1. Among the most important characteristics of highway run-
off is its high concentrations of heavy metals including lead, zinc, 
and chromium. 
2. Heavy metals from automotive sources can be transported 
away from the highway by stormwater runoff and advective or dispersive 
airborne processes. 
J. The transport processes result in large amounts of heavy 
metals coming into contact with the soil where they are generally 
retained. 
4. Important soil-heavy metal interactions which are involved 
in retaining heavy metals will likely include adsorption, ion exchange, 
redox reactions, and 11 Coordinative 11 chemical reactions including 
precipitation and complex formation. 
5. Soil properties which are generally important for the 
ability to retain heavy metals are pH, cation exchange capacity, clay 
mineral content, and organic matter content. 
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6. Soil-heavy metal interactions are very complex because of 
the number of interrelating factors that affect them. Some of these 
factors include heavy metal characteristics, competing cation effects, 
presence of anionic species, pH, redox potential, and clay mineral 
type. 
7. The capacity of soils to retain lead in laboratory batch 
tests can be reasonably predicted by a linear regression between pH, 
cation exchange capacity and lead fixation capacity. Even though 
they may not be the most important soil characteristics, pH and cation 
exchange capacity relate to other soil characteristics and hence are 
representative. 
8. Lead is generally found in the most dense fraction of 
surface soils located near the edge of highway pavements. This lead 
has been identified as lead sulfate. 
The analysis of in situ soils from roadside areas performed as 
part of. this study resulted in the fo 11 owing findings: 
1. Total lead concentrations (mg/kg) were considerably higher 
in surface soils (top 2-3 em) than in subsurface soils (15-20 em) at 
the same location. This relationship was not consistently found for 
zinc and chromium. 
2. 11 Extractable 11 lead, zinc, and chromium concentrations 
(removable by dilute acid extraction) were generally an order of 
magnitude lower than total concentrations (removable by concentrated 
acid extraction). The differences between total and 11 extractable 11 
metals was not always consistent from sample to sample. This 
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suggests that the portion of total metals removed by the dilute acid 
solution depends on site location and/or soil characteristics. 
3. Based on the regression equation developed by Zindahl and 
Skogerboe (1977) which relates pH and cation exchange capacity to 
lead fixation capacity of a soil, the soils tested in this study would 
have between 10 and 500 times their existing lead content remaining 
for additional lead fixation. 
4. Lead in edge of pavement surface soils is predominantly in 
the soil fraction of density greater than 3.3 g/cm3. Lead in sub-
surface and ditch soils is found not to be primarily concentrated in 
any of 6 density ranges. 
5. Neither zinc or chromium are found to be consistently con-
centrated in any of 6 density fractions of the soil for any location 
within the right-of-way. 
6. The organic matter content of the soils tested as determined 
by peroxide digestion correlates well with the weight of soil in the 
. 
fraction of density less than 2.0 g/cm3 (correlation coefficient = 
0.95). 
7. The soil in the fraction of density less than 2.0 g/cm3 
contains an average of 30 percent of the total lead, zinc, and 
chromium in the soils tested. The percentage varied widely depending 
on sample location. In some samples as much as 57 percent of the lead, 
67 percent of the zinc and 59 percent of the chromium was found in 
the soil fraction of density less than 2.0 g/cm3. 
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8. In general, there is a distribution of the metals through-
out the 6 separated density fractions of the soils. Averages for all 
samples show that each fraction contains significant quantities of 
lead, zinc, and .chromium. 
Conclusions 
Based on these findings and other analysis presented in this 
study the following conclusions are drawn: 
1. Lead is generally immobile in roadside soils, being 
effectively retained within the top few centimeters. Zinc and 
chromium are probably more mobile than lead in these soils. 
2. The soils tested likely have additional capacity to retain 
heavy metals. The additional capacity for lead was estimated to be 
between 10 and 500 times the existing lead content. 
3. Circumstantial evidence is provided for the existence 
of a dense lead compound (or precipitate) as the primary form of lead 
in surface (top 2-3 em) edge of pavement soils. 
4. The forms taken by lead in subsurface and ditch soils is 
probably dependant on location and/or soil characteristics. 
5. The form taken by zinc and chromium is likely dependant on 
location and/or soil characteristics for all areas of the right-of-way. 
6. Organic matter is important for the ability of roadside 
soils to retain lead, zinc, and chromium. 
7. When considering the heavy metal retention capacity of 
roadside soils in general rather than site specific cases, all soil 
components involved in heavy metal interactions are likely important 
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(organic matter, clay minerals) and all major reactions (redox 
reactions, precipitation, complex fonnation) .are probably involved at 
least to some extent. Therefore, no single soil component or reaction 
can be isolated as most important for the soil's ability to retain 
heavy metals. 
Recommendations 
Some specific guidelines and reinforcement of current highway 
construction and maintenance practice can be derived from the research: 
1. Rainfall excess from highway surfaces should be directed 
whereever possible as overland flow on pervious vegetated areas to 
make maximum use of the soils ability to retain heavy metals. 
2. Soil and vegetative cover in the highway right-of-way 
exposed to overland flow will likely need replacement on a routine 
basis as a means of maintaining metal retention capacities in these 
areas. The capacity to retain heavy metals is probably much greater 
than their existing metal content. However, further studies should 
be perfonmed to better define the saturation capacity of these soils. 
3. The current practice of placing a 11 muck blanket 11 on 
shoulder areas to promote grass growth should be contined in light of 
the importance of organic matter in soil-heavy metal interactions. 
4. Where feasible, soils which contain significant amounts of 
organic matter and/or clay minerals should be used as a surface layer 
in right-of-way areas. Feasibility relates to both supply of such 
soils and consistancy with other objectives including erosion control, 
embankment stability, etc., and high pH for heavy metal control. 
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APPENDIX A 
Density 
Samp 
Rang3 (g/cm } 
SlOO '1. 5 
1.5-2.0 
2.0-2.5 
2.5-2.9 
2.9-3.3 
3.3 
5101 1. 5 
1.5-2.0 
2.0-2.5 
2.5-2.9 
2.9-3.3 
3.3 
Sl02 -1 . 5 
l.S-2.0 
2.0-2.5 
2.5-2.9 
2.9-3.3 
>3.3 
5103 <1. 5 
1.5-2.0 
2.0-2.5 
2.5-2.9 
2.9-3.3 
>3.3 
Sl04 <1. 5 
1.5-2.0 
2.0-2.5 
2.5-2.9 
2.9-3.3 
>3.3 
TABLE A-1 
CALCULATION OF METAL CONCENTRATION 
IN DENSITY RANGES 
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Metal Concentration mg kg 
Weight LEAD ZINC CHROMIUM 
Analz. In Ext In** In Ext In** In Ext In** {g)+ Soln* Soi 1 Soln* Soil Soln* Soil 
0.024 0.772 1 ,610 .064 133 0.200 417 
0.069 2.42 1,750 .528 383 0.091 65.9 
0.190 2.02 531 .284 75.0 0.100 26.3 
1. 000 1. 14 57.0 .144 7.20 0.086 4.30 
0.017 2.57 7,560 .368 1,080 0.098 288 
0.016 22.80 71,300 .600 1,880 0.162 506 
0.014 1.90 3,890 .232 828 .065 232 
0.12 0.38 1,580 .080 333 .048 200 
0.070 0.27 191 .064 45.7 . 081 57.9 
1. 545 2.18 11.4 .308 1. 6 1.180 6.18 
0.015 0.22 73.3 . 192 640 0.049 163 
0.002 0.09 2,250 . 712 17,800 0.102 51.0 
0.172 20.9 5,840 2.50 72.7 .190 55.2 
0.270 21.6 4,000 3.10 574 .880 163 
1. 543 20.16 653 2.70 87.5 .660 21.3 
1 .000 3.0 150 .820 41.0 .095 4.7 
0.084 2.32 1,380 . 360 214 .110 65.5 
0.050 53.6 53,600 .590 590 . 360 360 
0.008 0.86 5,370 . 840 5,250 . 175 1,090 
0.026 1. 01 1 '940 .300 577 .085 163 
0.235 0.56 119 .800 170 .066 14.0 
1.000 0.43 21 . 5 .220 11.0 .200 10.0 
0. 051 0.38 372 .140 137 .063 61.8 
0.005 1. 77 17,700 .328 3,280 .035 350 
0.010 8.96 44,800 1 . 16 5,800 . 160 800 
0.176 21.2 6,020 3.65 1 ,040 1.000 284 
1. 047 24.16 1 '150 4.28 204 1.720 82.1 
1. 000 2.29 114 0.750 37.5 0.094 4.7 
0.036 1. 22 1,690 0.300 417 0.100 139 
0.057 40.0 35,100 .600 526 0. 231 203 
Bl 
TABLE A-1-Continued 
Density w.ei ght 
Metal Concentration mg/kg 
LEAD ZINC CHROMIUt~ 
Range Analz. In Ext In** In Ext In** In Ext In** Samp (g/cm3) _lq_)+ Soln* Soi 1 Soln* Soil So1n* Soil 
Sl05 < 1. 5 0.075 10.16 6,770 .9BO 653 .o. 26B 179 
1 . 5-2.0 O.OB9 6.16 3,460 1.460 B20 .BBO 494 
2.0-2.5 1. OB7 27.B4 1 ,040 2.300 106 1. 392 64 
2.5-2.9 1. 000 1 . 51 75.5 0.690 34.5 .1 OB 5.4 
2.9-3.3 O.OB6 1. B4 1 ,070 o. 190 110 .260 151 
3.3 0.024 16.96 9,B60 O.BOO 465 .320 1B6 
Sl06 <1 . 5 0.232 0.69 150 0.240 52.2 0.740 161 
1.5-2.0 1.000 2.53 126 3.480 174 1. 360 6B.O 
2.0-2.5 1.247 1. 57 63 0.920 36.9 1.020 40.9 
2.5-2.9 1.000 0.09 4.50 1.400 70.0 0.074 3.7 
2.9-3.3 0.011 0.12 545 0.192 B73 0.044 200 
>3.3 0.007 O.lB 1,2BO 0.112 BOO 0.037 2.64 
Sl07 1 . 5 0.009 0.14 77B 0.520 2,B90 O.OB5 472 
1.5-2.0 0.043 O.OB 93.0 0.230 267 0.091 106 
2.0-2.5 0.697 0. 11 7.B9 0.160 11 . 5 0.177 12.7 
2.5-2.9 1.000 0.04 2.00 0.736 36.B 0.062 3.10 
2.9-3.3 0.014 0.06 214 1.3BO 4,930 O.OBO 2B6 
3.3 0.005 0.02 200 0.190 1,900 O.OB9 B90 
SlOB 1'.5 0.060 16.B 14,000 1.160 967 0.090 75 
1.5-2.0 0.210 20.16 4,BOO 2.160 514 0.580 13B 
2.0-2.5 1. 000 13.44 672 O.BBO 44 0.147 7.35 
2.5-2.9 1.000 5.9B 299 2.BOO 140 0.106 5.30 
2.9-3.3 0.076 13.72 B,680 0.560 368 0.105 69.1 
>3.3 0.086 ~ 36.0 79,100 2.640 1 ,534 0.592 344 
Sl09 <1. 5 0.007 0.40 2,860 0.870 6,214 0.075 535 
1.5-2.0 .055 0.03 27.3 0.3BO 345 0.090 B1.B 
2.0-2.5 .904 0.27 14.9 0.210 11 . 6 0.145 8.02 
2.5-2.9 1.000 0.29 14.5 0.280 14.0 0.125 6.25 
2.9-3.3 0.035 0.05 71.4 0.520 743 0.045 64.3 
>3.3 0.026 0.11 211 0.880 923 0.077 14B 
SllO <l. 5 0.042 0.55 655 1.450 1,726 0.176 209 
1.5-2.0 0.213 18.56 4,360 0.520 122 0.200 46.9 
2.0-2.5 0.576 8.00 694 2.320 200 0.092 7.99 
2.5-2.9 1 .000 2.42 121 0.380 19.0 0.080 4.00 
>3.3 0.336 79.88 ~1,900 0.210 31.2 0.120 17.9 
Samp 
Slll 
Sll2 
Sll3 
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TABLE A-1-Continued 
Density Weight 
Mete: 1 Con centra ti on rT!g/kg 
LEAD ZINC CHROMIUM 
Range Analz. In Ext In** In Ext In** In Ext In** {g/cm3) (g)+ Soln* Soil Soln* Soil Soln* Soil 
<1. 5 0.002 NF NF N~ 
1.5-2.0 0.006 0.03 250 0.100 833 0.028 233 
2.0-2.5 0.268 0.02 3.73 0.280 52.2 0.040 7.46 . 
2.5-2.9 1.000 0.12 6.00 0.480 24.0 0.055 2.75 
2.9-3.3 0.515 0.12 11.6 0.330 32.0 0.142 13.8 
3.3 0.019 24.40 64,210 0.150 395 0.084 221 
1. 5 0.097 0.65 335 0.510 263 0.117 60.3 
1.5-2.0 0.134 0.89 332 0.380 142 0.130 48.5 
2.0-2.5 3. 117 0.50 8.02 3.400 54.5 0.140 2.23 
2.5-2.9 1.000 0.43 21.5 0.330 16.5 0.091 4.55 
2.9-3.3 0.019 0.14 368 0.610 1,605 0.087 229 
~ 3.3 0.014 2.74 9,790 0.610 2,180 0.068 243 
1. 5 0.128 1. 03 402 0.590 230 0.200 78.1 
1.5-2.0 0.134 0.34 127 3.860 1,440 0.132 49.2 
2.0-2.5 1.426 0.47 16.5 1. 500 57.6 0.133 4.66 
2.5-2.9 1. 000 5.28 264 0.380 19.0 0.106 5.30 
2.9-3.3 0.014 0.11 393 0.210 750 0.089 318 
3.3 0.019 1. 36 3,580 2.400 6,310 0.093 245 
+ Weight of soil in given density range retained for analysis. 
* Concentration of metal in the extraction solution 
** Concentration of metal in soil = mg/kg in ext. soln. x 50 
weight analyzed 
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TABLE A-2 
-
CALCULATION OF TOTAL METAL CONTENT OF SAMPLES AND 
PERCENT OF TOTAL IN EACH DENSITY RANGE ++ 
Total Metals 
Density Weight+ LEAD ZINC CHROMIUM 
Range Separ. Wt.* % of Wt. * % of Wt. * %of 
Samp _lgjcm3) (g) (meg' Tot.** (meg) Tot.** (meg) Tot** 
SlOO < 1. 5 0.044 70.H 1.8 5.9 2.9 18.3 19.4 
1.5-2.0 0. 091 159 4.4 7.3 3.6 1. 3 1.4 
2.0-2.5 0.202 107 2.9 15.2 7.5 5.3 5.6 
2.5-2.9 9.460 539 14.8 68.1 33.5 40.7 43.2 
2.9-3.3 0.038 287 7.9 41.0 20.1 10.9 11 . 6 
>3.3 0.035 2490 68.2 65.8 32.4 17.7 18.8 
Total 9.870 3650 (270ppm) 203 (20.6ppm) 94.2 ~9.54ppm ) 
SlOl 1 . 5 0.032 124 34.3 26.5 7.7 7.4 8.8 
1.5-2.0 0.034 53.7 14.9 11.3 3.3 6.8 8.1 
2.0-2.5 0.085 16.2 4.6 3.9 1 . 1 4.9 5.8 
2.5-2.9 9.567 109 30.2 15.3 4.4 59.1 70.0 
2.9-3.3 0.033 24.2 6.7 21.1 6.1 5.4 6.4 
3.3 0.015 33.7 9.3 267 77.4 0.8 0.9 
Total 9.766 361 (36.9) 345 (35.3) 84.4 {8.6) 
. 
5102 1. 5 0.233 1360 16.5 16.9 2.4 12.9 8.0 
1.5-2.0 0.304 1220 14.8 174 24.8 49.6 30.8 
2.0-2.5 1.558 1020 12.4 136 19.4 33.2 20.6 
2.5-2.9 7.743 1160 14. 1 317 45.2 36.4 22.6 
2.9-3.3 0.098 135 1 . 6 21.0 3.0 6.42 4.0 
3.3 0.062 3320 40.4 36.6 5.2 22.3 13.9 
Total 9.998 8220 {822) 701 (70.1) 161 (16.1) 
5103 <1. 5 0.075 403 32.2 394 57.2 82.0 32.2 
1.5-2.0 0.113 219 17.5 65.2 9.5 18.4 7.2 
2.0-2.5 0.287 34.1 2.7 48.8 7.1 46.8 18.4 
2.5-2.9 9.490 204 16.3 104 2.4 94.9 37.3 
2.9-3.3 0.086 32.0 2.6 11.8 1. 7 5.3 2. 1 
>3.3 0.020 354 28.3 65.6 9.5 7.0 2.8 
Total 10.071 1250 (124) 689 (68.4) 254 (25.2) 
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TABLE A-2-Continued 
Tota 1 Meta 1 s 
Density Weight+ LEAD ZINC CHROMIUM 
Range 5epar. Wt.* % of Wt.* % of Wt.* % of 
5amp :( g/cm3) (g) (meg} Tot.** (meg) Tot.** (meg) Tot.** 
5104 <1. 5 0.023 1,030 14.8 133 14.3 18.4 8.3 
1.5-2.0 0.194 1,170 16.8 202 21.7 55.1 24.9 
2.0-2.5 1. 050 1 ,210 17.4 214 23.0 86.2 39.0 
2.5-2.9 8.566 976 14.0 321 34.6 40.3 18.2 
~-9-3.3 0.053 89.6 1 . 3 33. 1 2.4 7.37 3.3 
1>3. 3 0.071 2,490 35.8 37.3 4.0 14.4 6.5 
Totals 9.957 6,960 (69.9) 929 (93.3) 221 (22.2) 
5105 '1. 5 0.137 927 25.7 89.5 14.3 24.5 14.9 
~ .5-2.0 0.115 398 10.8 94.3 15. 1 56.8 34.6 
~.0-2.5 1. 097 1,140 31.6 116 18.6 70.2 42.8 
2.5-2.9 8. 531 644 17.8 294 47.1 46.1 28.1 
~.9-3.3 0.106 113 3. 1 11 . 7 1. 9 16.0 9.8 
3.3 0.039 384 10.6 18.1 2.9 7.25 4.4 
Totals 10.025 3,610 (360.14 624 (62.2) 164 (16.4) 
5106 1 ~ 1. 5 0.256 38.4 12.1 13.4 1. 7 41.2 20.4 
~ .5-2.0 1.132 143 45.1 197 25.1 77.0 38.1 
~.0-2.5 1. 261 79.4 25.0 46.5 5.9 51.6 25.5 
~.5-2.9 7.291 37.8 11 . 9 510 65.0 27.0 13.4 
~ .. 9-3.3 0.013 7.10 2.2 11.3 1 . 4 2.60 1 . 3 
·3'. 3 0. 009 11 . 5 3.6 7.20 0.9 2.38 1. 2 
Totals 9.962 317 ( 31 . 8) 785 (78.8) 202 (20.3) 
5107 I'- 1. 5 0.020 15.6 31.9 57.8 11.4 944 15.0 
1. 5-2.0 0. 051 4.74 9.7 13.6 2.7 5. 41 8.6 
~.0-2.5 0.705 5.56 11.4 8.11 1. 6 8.95 14.2 
~.5-2.9 9.214 18.4 37.6 339 67.0 28.6 45.5 
2.9-3.3 0.015 3.21 6.6 73.9 14.6 4.29 6.8 
">3.3 0.007 1.40 2.9 13.3 2.6 6.23 9.9 
Totals 10.012 48.9 (4.88) 506 (505) 62.9 9.9 
85 
TABLE A-2-Continued 
Total Metals 
Density -Weight+ LEAD ZINC CHROMIUM 
Range Separ. Wt. * % of Wt.* % of Wt.* % of 
Samp (g/cm3} (g) (meg) Tot.** _(mc_g) Tot.** (meg} Tot.** 
SlOB 1. 5 0.104 1,460 11 . 0 100 6.8 7.80 5.7 
1.5-2.0 0.241 1,160 9.0 124 8.5 33.2 24.1 
2.0-2.5 2.922 1,980 14.8 129 8.8 21.5 15.6 
2.5-2.9 6.572 1 ,960 14.8 920 63.0 34.8 25.2 
2.9-3.3 0.086 746 5.6 31.6 2.2 5.94 4.3 
>3.3 0.100 7,910 59.8 153 1 o. 5 34.4 24.9 
Total 13,236 1,460 138 
Sl09 <1.5 0.039 111 41.6 242 51.2 20.9 21.2 
1.5-2.0 0.077 2.10 0.8 26.6 5.6 6.30 6.4 
2.0-2.5 0.914 13.6 5. 1 10.6 2.2 7.33 7.4 
2.5-2.9 8.924 129 48.3 125 26.4 55.8 56.5 
2.9-3.3 0.048 3.43 1. 3 35.7 7.5 3.09 3. 1 
>3.3 0.036 7.60 2.8 33.2 7.0 5.33 5.4 
Total 10.038 267 (26.6) 473 ( 47. 1 ) 98.8 (9.84) 
5110 .. 1.5 0.086 56.3 0.7 148 25.3 18.01 22.4 
1.5-2.0 0.238 1 ,040 13.3 29.0 5.0 11 . 2 13.9 
2.0-2.5 0. 592 410 5.2 118 20.2 4.73 5.9 
2.5-2.9 8.725 1 ,050 13.4 166 28.4 34.9 43.4 
2.9-3.3 0.055 1 '061 13.6 113 19.3 5.37 6.7 
3.3 0.354 4,200 53.7 11 . 0 1. 9 6.34 7.9 
Total 10.050 7,820 (778) 585 (58.2) 80.5 (8.01) 
5112 <1.5 0.165 55.3 1 o. 7 43.4 9.8 9.95 14.8 
1.5-2.0 0.184 61.1 11 . 9 26.1 5.9 8.92 13.3 
2.0-2.5 3.144 25.2 4.9 171 38.8 7.01 10.4 
2.5-2.9 6.498 139 27.0 107 24.3 29.6 44.0 
2. 9-3.3 0.027 9.94 1 . 9 43.3 9.8 6.18 9.2 
.,3.3 0.023 225 43.7 50.1 11.4 5.59 8.3 
Total 10.041 515 (51. 3) 441 (43.9) 67.2 (6.69) 
5113 <l. 5 0.196 78.8 3.3 45.1 6.7 15.3 5.8 
1.5-2.0 0.171 21.7 0.9 246 36.6 8.41 9.4 
2.0-2.5 1. 451 23.9 1. 0 76.3 11.3 6.76 7.6 
2.5-2.9 8.162 2,150 91. 1 155 23.0 43.3 48.5 
2.9-3.3 0.033 13.0 0.6 24.7 3.7 10.5 11.8 
>3.3 0.020 716 3.0 126 18.7 4.9 5.5 
Total 10.033 2,360 {235} {673} ( 67. 1) 89.2 {8.89) 
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TABLE A-2-Continued 
+ Total weight of soil in given density range. 
++ Numbers in parenthesis indicate metal concentration in whole 
sample calculated as: 
metal concentration= £ me~al wei ht_in each densit.· ran e 
t we1ght of so1 1n each dens1ty rg. 
* Metal weight in each density range (micrograms) = 
metal concentration (from Table A-1) x weight separated 
** Percent of total metals in each density range = 
metal weight in given range 
~metal weight for whole sample 
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